Nonlinear Raman scattering is an emerging spectroscopy technique for non-invasive microscopic imaging. It can produce a fluorescence background free vibrational spectrum from a microscopic volume of a sample providing chemically specific information about its molecular composition. We analyze the ability of nonlinear Raman microspectroscopy to detect low concentrated molecular species and evaluate its applicability to study complex solutions.
Introduction
Non-invasive microscopic imaging of biological systems remains a key problem in understanding the relationship between structure and function on the cellular and molecular levels. Vibrational spectroscopy is typically considered as one of the most informative, truly non-invasive optical techniques capable of providing valuable information on the structure and function of molecules. Raman spectroscopy and microscopy are particular important, since they can provide sub-micron spatial resolution. Since the first introduction of Raman microscope in 1973 [1] , optical and laser technology has made a tremendous step forward. The availability of inexpensive, energy efficient, stable and reliable laser sources together with improved technology for spectral filtering and multichannel detection greatly increased our ability to study inorganic and organic materials in picoliter volumes. Raman confocal systems, which are now widely commercially available, permit rejections out of focus signal, making possible high contrast high resolution non-invasive imaging. However, Raman microscopy is still considered an emerging technique for biological imaging. Despite of the obvious advantages of being very informative and almost nondestructive method of studying biological molecules, classical Raman spectroscopy (spectroscopy, using spontaneous Raman scattering) suffers from a series of limitations, such as a fluorescent background and a low signal level. Thus, fluorescent spectroscopy is often used, when real-time measurements are required [2] . On the other hand, nonlinear Raman spectroscopy, and, in particular, spectroscopy of coherent anti-Stokes Raman scattering (CARS), can resolve most of the problems associated with conventional Raman spectroscopy [3] . Firstly, being a nonlinear optical method of spectroscopy, CARS spectroscopy relies on interaction of high intensity laser pulses. Since the intensity of these pulses is the highest in the focal point of a microscope, CARS spectroscopy potentially offers an excellent discrimination against the out of focus signal. A nonlinear optical Raman microscope will be an ideal confocal microscope without using an additional aperture [4] [5] , thus greatly increasing the signal collection efficiency. Secondly, nonlinear Raman spectroscopy provides a way to increase a signal's level by increasing the intensity of incoming pump pulses. For ultrashort (picosecond (i.e. 10 −12 s) pulses, a signal's level can be as much as several orders of magnitude higher than that for conventional Raman spectroscopy for a given average power of the incident laser beam [3] . Another advantage of CARS spectroscopy is that the detected signal is blue-shifted with respect to the excitation wavelengths, i.e. there is no problem of separating the signal from a fluorescent background. It should be also noted that short-pulse lasers, used for CARS spectroscopy, are naturally designed to study ultrafast processes on a molecular time-scale, thus providing with a unique opportunity to study molecular dynamics (such as protein folding, DNA transformations, etc.) in a real-time (i.e. on the time scale of molecular processes). The last but not least, the light waves in the near-IR are much better suited for penetrating biological tissues, because fewer biological molecules absorb them and because light scattering is less at longer wavelengths. All these features of a Coherent anti-Stokes Raman scattering (CARS), a powerful spectroscopic tool has been used extensively for flame, gas phase, plasma, and combustion diagnostics.
Since its first introduction [6] , nonlinear Raman microscopy based on CARS spectroscopy, driven by the progress of ultrafast laser technology, has made a tremendous step forward [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] making video-rate vibrational imaging possible [18] [19] . However, despite the recent widespread of CARS microscopy and all the remarkable progress made over the past few years, the technique is still considered to be an emerging tool in microscopic imaging due to a number of technical difficulties, such as the complexity of the experimental set-up for CARS microscopy, the high cost associated with lasers and the so-called non-resonant background resulting from a non-specific four-wave mixing process.
The purpose of this report is to understand the limits of nonlinear Raman microspectroscopy, while designing and optimizing the most convenient optical set-up for fast and accurate vibrational spectral analysis from a microscopic volume.
CARS microspectroscopy
CARS microspectroscopy is a typical example of hyperspectral microscopy, which aims at obtaining a vibrational spectrum from a microscopic volume of a cell or a tissue for the purpose of chemical analysis. Since molecular composition of a typical cell is rather complicated, the overall vibrational spectrum is composed of many overlapping lines and bands presenting an intrinsic difficult of its analysis. Most of the CARS imaging studies were done in a highfrequency vibrational range where the CARS signal from lipids is exceptionally strong. However, the most interesting from a biochemical perspective is the so-called "fingerprint" region of vibrational frequencies from 500 to 1750 cm −1 . The strength of Raman lines is significantly reduced for most of the vibrations in this regions, and a typical concentration of molecular species of interest (mostly, proteins) is not as high as in lipid droplets. This type of imaging presents an apparent challenge for spectroscopists in terms of the detection and analysis of CARS signals.
CARS signal originates from a coherent excitation of vibrational level using a pair of optical pulses, ω 1 ("pump") and ω 2 ("Stokes"), separated by a frequency of this vibrational level, Ω, i.e.
The third pulse at frequency ω 3 ("probe") is scattered off the coherently excited vibration to generate the signal at the CARS frequency, ω CARS (see Fig. 1 ): (2) CARS signal is a coherent signal, i.e. the phase matching conditions have to be fulfilled in order to achieve the efficient signal generation. Microscopic focusing conditions utilizing a high-numerical-aperture lens significantly relax this restriction, allowing for simultaneous detection of the whole CARS spectrum without any special arrangements [20] . This allows us to make an accurate analysis of the generated CARS signal and to directly compare it with the spontaneous Raman signal.
For a simplicity of analysis, we consider just a single vibrational transition, which is characterized by the Raman cross-section, , and the line-width, Λ. The interaction volume is defined by the focal spot area, , and the Rayleigh length, , where ω 0 is the beam waist radius, and λ is the incident wavelength, which is assumed to be approximately equal for all the light waves involved in this nonlinear optical interaction. This leads to the total power of CARS signal to be [20] : (3) which has to be compared with the power of the spontaneous Raman signal (4) where N is the concentration of molecules, p i is the incident power for the i-th frequency of the incident wave, and ΔΩ is the collection angle for Raman microscopy. Most of the arguments for CARS microscopy are based on the direct comparison of Eqs. (3) (4) , which leads to the conclusion that for concentrated molecular species and high-power laser sources (p i > 10 3 W ) CARS signal is many orders of magnitude stronger than Raman signal. However, the reality is more complicated, when this analysis, which was originally developed for diagnostics of gaseous systems, is applied to biochemical imaging.
The very first important point we would like to make is related to the acceptable level of the incident power. Biological systems are not used to the high-intensity laser irradiation and impose a limit on the maximum incident intensity to be used without the induced cell damage. There is an ongoing debate on what the limiting intensity is for different incident excitation wavelengths, pulse durations, etc. [21] [22] [23] [24] ; however, it is more or less accepted that the heating effects due to a linear absorption in the near-IR are rather insignificant [24] , and the major contribution to the cell damage is coming from the multiphoton absorption [21] [22] [23] , which can be considerably reduced by implementing excitation sources with the laser wavelength from 900 to 1300 nm [21] [22] [23] . This allows using more than an order of magnitude higher incident laser powers, as compared to 800-nm excitation.
The second important aspect of a fair comparison of nonlinear Raman microscopy and microscopy of spontaneous Raman scattering is related to evaluation of their signal-to-noise ratios, as it was first demonstrated in Refs. [25] [26] . Here, we simplify the analysis by assuming that highly stable laser sources are used and all the detectors are quantum limited, i.e. the only source of noise is the shot-noise. Both the laser and detection technologies made a significant step forward over the past 30 years making the above assumption quite reasonable. Using Eqs. (3-4) and the procedure described in Ref. [26] , we can express the gain in the signal-to-noise ratio (SNR) for CARS spectroscopy with respect to spontaneous Raman spectroscopy as: (5) In deriving Eq. (5) we assumed that p 1 = p 2 , and ω 1 ≅ ω 2 ≅ ω 3 , and expressed the concentration of molecules of interest in terms of the molar concentration, c, which is more convenient for biochemical analysis. Eq. (5) provides with a simple way of evaluating a possible use of CARS microspectroscopy. A typical value for the Raman cross-section in the fingerprint region is , typical linewidth is Λ ≅ 10 cm −1 . If one can afford using the incident power of p 1 ≅ 10 kW, which should be possible for the excitation wavelength longer than 1μm, the resulted gain in the SNR will be a factor of 50 for the molecular concentration of c=10 mM, which is considered to be rather high for most of the biological molecules. Since the SNR is scaled as a square root of the acquisition time, the total gain in the speed of recording CARS spectra is 2,500 making CARS microspectroscopy extremely attractive. On the other hand, if the excitation wavelength is around 800-nm, biological structures demand the use of the lower power excitation sources, and for the same experimental setting CARS microspectroscopy does not have any advantage with respect to spontaneous Raman spectroscopy.
The above formula does not take into account the fluorescence background, which is common problem for Raman spectroscopy. This background reduces the SNR for Raman measurements [27] by a factor of (6) where p fluorescence is the fluorescence signal from the same volume. This is not the only factor, which is missing in Eq. (5). CARS signal also suffers from a background, which originates from a non-chemically-specific four-wave mixing, which is considered to be one of the most prominent problems of CARS spectroscopy. The presence of this background reduces the SNR for CARS measurements [20, 26] by a factor of (7) where p NR , p R are the generated non-resonant and resonant powers of the CARS signal. While water molecules have a relatively low non-resonant Raman cross-section, their concentration in solution is so high that the resonant contribution to the CARS signal is hardly noticeable if the concentration of molecular species of interest is smaller than 100 mM and no measures to reduce this background are taken. We will discuss this issue separately, since it is the primary challenge in obtaining high-quality CARS spectral data, but, for now, we just assume that this background is not a problem, and Eq. (5) is the only fundamental limit imposed on CARS microspectroscopy. Most of molecular species, e.g. proteins, are rarely occurring in a cell in concentrations higher than 1 mM and have a moderate Raman cross-section in the fingerprint region. Earlier, we demonstrated that the use of the incident beams with a power in excess of 10 kW is essential to achieve significant SNR improvement of CARS spectra measurements. Since the incident light intensity is the major limiting factor, one has to evaluate the experimental conditions, which will allow the use of such high peak powers for cellular imaging. Recently, we did some systematic studies on cell and tissue damage using shortpulsed laser irradiation in the wavelength region around 1000 nm [28] . While, the damage threshold somewhat varies for different cells and tissues, it can be approximately interpolated with a rather simple expression (8) where τ p is the incident pulse duration of the light wave, which coherently excites molecular vibration. Using Eq. (8) as a guideline, one can see that, if the goal is to achieve microscopic spatial resolution, i.e. ω 0 ≅ 0.5μm, the maximum allowed incident power is somewhat around p 1 ≅ 200W for the incident pulse duration of τ p = 4 ps. Clearly, for microscopic imaging of low concentrated ( c ≅ 1mM ) molecular species, Raman microscopy does a much better job. CARS microscopy is still providing better SNR even at the highest possible spatial resolution, when used with higher concentrated molecular species and strong Raman transitions (vibrational imaging of lipid distribution using CH 2 stretch vibration provides one of the best examples of such application [29] ). For the most general case, one has to increase the incident beam diameter in order to accommodate higher incident power. Indeed, if the beam diameter is increased to about ω 0 ≅ 3μm, which roughly corresponds to a typical cell, the incident power can be increased to about p 1 ≅ 10 kW, making CARS spectral measurements highly favorable.
Non-resonant background in CARS microspectroscopy
The non-resonant background in CARS spectroscopy was always considered as one of the biggest challenges to deployment of this spectroscopic technique for analytical measurements. In brief, a non-resonant contribution to the nonlinear optical polarization from surrounding molecules interferes with a resonant contribution producing an overall signal, which has complex frequency dependence. The resulted line shape is given by the following equation: (9) where A r , ω r , and Λ r are the amplitude, the transition frequency, and the linewidth, respectively of the r-th Raman mode. The first term in Eq. (9) is the non-resonant susceptibility, which is considered to be frequency independent. The second term in Eq. (9) corresponds to the resonant contribution. If it is set to zero, the total signal will be just proportional to (10) which is different from the spectral shape of a typical Raman spectrum taken for the same excitation wavelength and defined by (11) Ideally, we want to retrieve the Raman spectrum, which would allow us to directly compare the experimentally measured spectral data with the Raman spectra. There are several ways of dealing with this problem.
a) Polarization suppression
The idea of using polarization properties of χ (3) tensor to suppress the non-resonant contribution was first suggested and experimentally demonstrated by Akhmanov et al [31] . Later, Shen et al modified the earlier proposed ellipsometric technique to achieve either direct suppression of non-resonant background, or to use this non-resonant background for heterodyne mixing with the resonant contribution to extract either the real or imaginary part of the resonant susceptibility tensor
. Both approaches provide with a substantial non-resonant background suppression, which is limited by the degree of depolarization introduced by a high-numericalaperture optics and the quality of broadband polarization components. Using polarization preserving microscope objectives and specially selected polarizers and Fresnel rhombs for polarization rotation, we routinely achieved two-three orders of magnitude suppression of the non-resonant background (see Fig. 2 ). The problem comes, however, when a scattering medium is introduced in the focal plane, which can be, for example, a cell, an organelle, or a piece of tissue. The efficiency of the background suppression is substantially degraded. It gets even worse for a typical tissue imaging, when the whole signal collected in the back-reflected geometry is produced through the light scattering. An additional disadvantage of polarization technique is that the useful signal in all configurations is also reduced.
b) Heterodyne detection
Heterodyne detection is widely used to improve the SNR of optical measurements. The additional advantage of heterodyne detection for CARS measurements is that it allows direct extraction of either real or imaginary part of the susceptibility tensor [33] [34] . Being introduced for CARS spectroscopy about 30 years ago [26] , heterodyne detection was for a long time considered as the best way of achieving the best SNR in CARS measurements [20, 26] . It has been recently adapted for broadband spectral measurements [35] ; however, it still suffers from a light scattering in a sample, which affects the phase properties of the signal. It is also hardly applicable for the epi-detection geometry, which is highly desirable for many biomedical applications.
c) Time-delayed methods
The non-resonant background in CARS spectroscopy originates from instantaneous fourmixing processes, while the resonant contribution involves real vibrational states. This provides a basis for a possible discrimination against the non-resonant background. To do so, one has to come up with a pair of pulses, which excite the vibrational state, and the third, time-delayed pulse will only contribute to the resonant part of the CARS signal. However, to make this scheme work efficiently, one has to overcome certain obstacles. To achieve high spectral resolution, the bandwidth of the third pulse should be of the order or less than the linewidth of the Raman line, Λ, which requires the pulse duration of the third pulse to be longer than Λ −1 . On the other hand, Λ −1 roughly corresponds to the lifetime on the excited state, i.e., if the time delay is longer than Λ −1 , it will substantially degrade the amplitude of the resonance CARS signal. One of the possible solutions to this problem is to use a pair of time-overlapping short pulses to excite the transition and to use a longer probe pulse to scatter off the coherent excitation. This situation is illustrated in Fig. 3 . The time-overlap of excitation and probe pulses, i.e. the amplitude of the non-resonant contribution, is approximately proportional to the pulse duration of the excitation pulse(s), while the amplitude of the resonant contribution is roughly proportional to the pulse duration of the probe pulse. One can further suppress the overlap through some pulse shaping techniques, as it was suggested by Scully et al [36] . In this approach, the probe pulse is passed through a spectral filter to produce a square-shaped spectrum, which in a time domain corresponds to the pulse, whose intensity profiles looks like By making the excitation pulses overlap with the minimum of the probe pulse preceding its main maximum, the non-resonant background is further suppressed [36] . The same idea can be exploited with a single pulse excitation [37] , when both pump pulses at requencies ω 1 , ω 2 are derived from a single ultrabroadband pulse.
The great advantage of using time-delayed methods to reduce the non-resonant background is that they can work in highly scattering media and can be utilized for biomedical diagnostics of cells and tissues. The obscure disadvantage of this approach is the reduced amplitude of the CARS signal. Indeed, the amplitude of the resonant CARS signal is proportion to the energies of each of the excitation pulses [19, 37] , the employment of shorter incident pulses in all the proposed schemes requires the downscaling of the input energy as a square root of the pulse duration and, thus, the diminution of the overall signal.
d) Phase retrieval algorithms
The spectral lineshape in CARS spectroscopy is described by Eq. (9). In order to investigate an unknown sample, one needs to extract the imaginary part of to be able to compare it with the known spontaneous Raman spectrum. To do so, one has to determine the phase of the resonant contribution with respect to the non-resonant one. This is a well known problem of phase retrieval, which has been discussed in details elsewhere [38] . The basic idea is to use the whole CARS spectrum and the fact that the non-resonant background is approximately constant. The later assumption is justified, if there are no two-photon resonances in the molecular system [26] . There are several approaches to retrieve the unknown phase [38] , but the majority of those techniques are based on an iterative procedure, which often converges only for simple spectra and for negligible noise. When dealing with real experimental data, such iterative procedures often fail to reproduce the spectroscopic data obtained by some other means.
The alternative approach is based on a non-iterative procedure utilizing the maximum entropy model (MEM) to extract the complex dielectric susceptibility from the intensity measurements. This technique was first proposed 15 years ago [39] , and recently was used for multiplexed CARS measurements [13, 40] .
The concept behind the Maximum Entropy Model is to choose the spectrum in the form of a non-negative function of frequency, which corresponds to a time series with maximum entropy whose autocorrelation function is consistent with the set of known values.
The experimentally measured CARS signal is given by (12) and is measured with in frequency interval of ω̃1 ≤ ω̃ ≤ ω̃2. Let us assume that the real and imaginary parts of χ (3) (ω̃1 − ω̃2) do not change sign in that frequency range and the nonresonant χ NR is real and doesn't depend on frequency. We define a normalized frequency as (13) The maximum entropy model estimate for |χ(ν)| 2 can be written as (14) where the unknown maximum entropy model coefficient a n and |β| 2 are functions of estimated autocorrelation C m . Those MEM coefficients can be found by solving a set of linear equations (15) where C m are the Fourier coefficients of signal |χ (3) (ν)| 2 and are defined as For discrete set of normalized frequencies Solution to the above M-th order equation always exists if the M+1 by M+1 Toeplitz matrix has a non negative definite. In a typical experimental situation , i.e. the non-resonant contribution dominates the CARS signal, and the Raman line shape can be calculated using a simple expression: (16) where θ(ν) is the MEM's phase defined as
The above procedure of the Raman spectrum retrieval exhibits an amazing robustness with respect to the noise of the data; however, several empirically deduced conditions have to be satisfied for an accurate retrieval. Firstly, the retrieved spectrum is always distorted on the edges, and, to get a good precision, the CARS spectrum has to be taken in a very broad range (see, for example, Fig. 4) . Secondly, the presence of strong Raman lines, for which the above assumption of is not fulfilled, might affect the retrieved amplitude and shape of this particular line, i.e. the developed algorithm works the best for relatively weak Raman lines. This is really important for CARS measurements. It appears that it is not necessary to attenuate the non-resonant background to complete extinction: some of the residual background helps increasing the signal amplitude. The additional surprising advantage of this approach is that it allows, unlike spontaneous Raman measurements, direct concentration measurements in solution. Indeed, the non-resonant background is predominantly due to the abundance of water molecules, whose concentration for most of the practical applications remains fixed. Thus, the ratio of the resonant signal to the non-resonant background provides with a reliable measure of the relative concentration of molecules under study. Finally, we find that good agreement with independently measured Raman spectra is only possible if a proper normalization of CARS signals is performed. To do so, we typically place a distilled water solution in the place of the sample and collect the reference CARS spectrum. This spectrum contains the convoluted information about the spectral transmission of optical filters and spectrometer, the spectra response of a CCD detector, and the spatial, wavelength-dependent overlap of all the incident beams in the focal plane.
Experimental set-up for broadband CARS microspectroscopy
The concept of a broadband CARS microspectroscopy was first introduced in 2000 [41] , and was further developed over the past few years [13, 23, [42] [43] . The major idea is to develop a simple CARS microspectrometer, which allows simultaneous recording of the whole vibrational spectrum. This concept is schematically presented in Fig. 5 . In the initial design (see Fig. 5 ), a fundamental of high-energy, mode-locked Nd:YVO 4 oscillator [44] [45] was used to serve both as a pump and probe pulse, while the broadband continuum generated in a GeO 2 fiber was utilized as a broadband Stokes pulse. High spectra density generated through the process of stimulated Raman scattering in GeO 2 fiber [42, 45] allows fast CARS spectral recording in the spectral range from 200 to 3000 cm −1 . Phase retrieval methodology was successfully adapted for CARS signal retrieval. Figures 6-8 illustrate the successful retrieval for several complex systems, which show congested Raman lines in the fingerprint region. Clearly, the described approach works for variety of molecular systems and is capable of reproducing Raman spectra at much faster acquisition rate.
The major challenge is to improve the sensitivity of CARS microspectroscopy, which requires substantial increase of the signal and reduction of the non-resonant background. This can be achieved in a slightly modified setting, when the high-energy continuum generated in an optical fiber is compressed. While getting a transform-limited pulse is rather difficult, if possible, we can use a pre-compressed pulse, which can be as short as 50-70 fs. It is still two orders of magnitude shorter than the probe pulse and can be used for efficient vibrational excitation [11] [12] and the non-resonant background suppression [19] . The later is illustrated in the following example of glucose sensing using CARS microspectroscopy. In this particular example, a relatively low concentrated solution of glucose shows a reproducible CARS signal (see Fig. 9a ), which is later retrieved using the described above algorithm (see Fig. 9b ). An excellent agreement with the independently recorded Raman spectrum demonstrates the great promise of CARS microspectroscopy for non-invasive glucose concentration measurements.
Conclusion
CARS microspectroscopy is a promising emerging techniquel for non-invasive biomedical imaging. The developments in laser spectroscopy over the past few years made real-time measurements possible and allowed significant suppression of the non-resonant background. Through the development of the phase retrieval algorithm, the direct comparison of CARS and Raman measurements becomes possible. The deployment of the CARS retrieval strategy with partially suppressed non-resonant background allows for the relative concentration measurements of molecular species of interest. In the same time, there are some limitations of CARS microspectroscopy, which are mostly related to imaging on a submicroscopic scale of low concentrated molecular species. However, there are many important applications such as glucose concentration measurements, cell cytometry, microfluidic diagnostics, etc., where CARS microspectroscopy can be an indispensable tool for express chemical analysis. Vibrational spectrum from 5% (volume) ethanol solution in water. Experimentally measured heterodyne CARS spectrum (see [32] for more details). Temporal arrangement of three incident pulses, which requires two ultrashort pulses ("pump" and "Stokes") to be temporally overlapped and preceding the peak of the third (long) pulse. Vibrational spectra of vanillin in isopropanol solution. Bottom panel: experimentally measured CARS spectrum (1064 nm and continuum excitation, 1064 nm probe). Middle panel: retrieved Raman spectrum. Top panel: experimentally measured spontaneous Raman spectrum (excitation wavelength 532 nm). The acquisition time for CARS spectrum was 100 times shorter than for spontaneous Raman. The incident powers were set at approximately the same level. Vibrational spectra of collagen-rich tissue. Bottom panel: experimentally measured CARS spectrum (1064 nm and continuum excitation, 1064 nm probe). Middle panel: experimentally measured spontaneous Raman spectrum. Top panel: retrieved Raman spectrum. The acquisition time for CARS spectrum was 100 times shorter than for spontaneous Raman. The incident powers were set at approximately the same level. Autofluorescence background was digitally subtracted from experimentally measured Raman spectrum. Vibrational spectra of titania nanocrystals mixed with nail polish. Bottom panel: experimentally measured CARS spectrum (1064 nm and continuum excitation, probe pulse at 532 nm). Top panel: the retrieved Raman spectrum. Despite of a very large scattering of the sample and complex nature of the signal, the Raman lines corresponding to titania nanoparticles (at around 510 cm −1 , 640 cm −1 , 820 cm −1 ) are clearly visible. Figure 9a. Typical CARS spectra from glucose solutions, showing spectra reproducibility for day-to-day operation. Black and red curves are CARS spectra from a buffer solution of glucose of slightly different concentrations (about 150 mg/dL). Spectra are shown on the same scale to emphasize the reproducibility. Figure 9b . Top panel: Raman spectrum retrieved from the experimentally measured CARS spectrum (excitation wavelengths >1064nm); bottom panel: experimentally measured Raman spectrum (excitation wavelength 532nm). Glucose concentration is the same (150 mg/dL), and the incident average power is the same (50 mW). The CARS spectrum was collected within 1-s, while Raman spectrum took 100-s to collect. CARS spectrum was collected with a thermoelectrically cooled CCD and spectral resolution 1 cm −1 , Raman spectrum was collected with liquid nitrogen cooled CCD and spectral resolution 5 cm −1 . Minor differences in spectral lines positions and their relative intensities are attributed to the very large difference in the incident wavelengths.
